PKC isoforms are involved in sensitization of the heat response.
Results

PKC Isoform Expression in DRG Neurons
Experiments were performed on primary sensory neurons isolated from the dorsal root ganglion (DRG) of neonatal rats (see the Experimental Procedures). To determine which PKC isoforms might be involved in sensitization by bradykinin (BK), the first step was to investigate isoform expression in DRG neurons by using specific antibodies. We examined isoform expression using both Western blots of extracts from whole DRG ( 
Stimulus-Dependent Translocation of PKC
Most PKC isoforms are activated by binding to diacylglycerol (DAG) generated in cell membranes by physiological stimuli (Tanaka and Nishizuka, 1994). Translocation of PKC from a cytosolic to a membrane-associated location within the cell is therefore a sensitive indicator of activation. In DRG neurons, both PKC-␦ and PKC-⑀ The PKC-⑀ translocation caused by BK was rapid, with substantial translocation observed in many neurons after only 5 s exposure to BK ( Figure 2B ). Translocation was complete within 30 s (Figure 2A) . At longer times, translocation was gradually reversed even in the maintained presence of BK, and after 5 min, PKC-⑀ was no longer associated with the surface membrane ( Figure  2B ). The more punctate cytoplasmic distribution ob- Figure 3 ), the fluorescence intensity at the membrane the observation that the sensitization of the heat-actieven in unstimulated neurons was significantly higher vated membrane current is transient after exposure to than in the cytoplasm (traces labeled Con), showing that BK but is maintained for tens of minutes after application these isoforms are to some extent membrane localized of PMA (Cesare and McNaughton, 1996) . even in the unstimulated state. Stimulation of the cells BK did not cause translocation of other PKC isoforms with BK or PMA did not significantly affect the extent to the surface membrane. The lack of effect of BK on of membrane localization of PKC-␤ I and PKC-␤ II (traces PKC-␤ I , PKC-␤ II , and PKC-is expected in view of the labeled BK and PMA, respectively). PKC-␦ was observed to be distributed uniformly throughout the cytoplasm in lack of effect of PMA in translocating these isoforms, untreated neurons, a distribution that was unchanged as described above. It is interesting, though, to note by BK treatment (top right panel in Figure 3 ). In confirmathat PKC-␦, which is observed to be translocated by tion of the result shown in Figure 2A , however, activation PMA, is unaffected by BK (Figure 2A by BK. As a first step in investigating this possibility, we wanted to test whether active PKC-⑀ alone is capable of PKC-␦, and PKC-⑀ distribution in a number of neurons sensitizing the heat-activated current. Activating PKC-⑀ by the use of pharmacological activators such as phorbol esters is not a useful approach as these compounds activate many PKC isoforms nonselectively. We chose instead to activate PKC-⑀ specifically by constructing a constitutively active PKC-⑀, which was then introduced into the cell via the patch pipette while the membrane current activated by heat was continuously monitored.
PKC isoforms active in the absence of the normal physiological activators can be generated by deleting the internal pseudosubtrate region, which in native PKC binds to and inhibits the catalytic site (Pears et al., 1990; Dekker et al., 1993). Constitutively active PKC-⑀ carrying a pseudosubstrate site deletion, PKC-⑀-⌬(166-172), was purified from a mammalian expression system (see the Experimental Procedures). Potent kinase activity was associated with this protein and was absent from control preparations obtained from cells transfected with vector alone (see Figure 4A) . The phosphotransferase activity of this mutant in the absence of cofactor was 60% of its full activity kinase activity in the presence of the activators phosphatidyl serine and PMA ( Figure 4A , right bars), in contrast to native PKC-⑀ whose kinase activity is close to zero in the absence of activators (Schaap et al., 1989) . Although the kinase activity of the deletion mutant was lower than that observed for an extensive pseudosubstrate site deletion (Dekker et al., 1993), the limited mutation showed higher recovery and easier extractability and was therefore favored.
The effect of introducing constitutively active PKC-⑀ into heat-responsive neurons via the patch pipette, compared with the effect of control extracts from transfec- identical to the PKC-⑀ V1 region, which acts by competing for PKC-⑀ binding sites on a specific RACK receptor protein associated with the target (Johnson et al., 1996) . We therefore tested for a specific involvement of PKC-⑀ by observing the effects of this translocation inhibitor peptide on sensitization of the heat-activated current by BK. In control neurons exposed to BK, the heatactivated membrane current increased by a mean of 105% (see Figure 5A and mean data in Figure 5B ). When in parallel experiments the translocation inhibitor was included in the patch pipette solution, however, the increase in heat-activated current caused by BK was reduced to 33% (Figures 5A and 5C) . As a control, we tested the effect of introducing a scrambled peptide, constructed using the same amino acids as in the inhibitor peptide but in a random order. The sensitization of heat-activated current caused by BK in the presence of the scrambled peptide was not significantly different from that observed with BK alone (Figures 5A and 5C ). The sensitization of heat-activated current in the presence of inhibitor was significantly lower than that observed both with no peptide in the pipette (p ϭ 1.5 ϫ 10 Ϫ4 ) and with scrambled peptide (p ϭ 0.9 ϫ 10 Ϫ3 ). The sensitization caused by BK is therefore substantially reduced when translocation of PKC-⑀ is inhibited. caused by BK may be attributable to a small contribution to sensitization from PKC isoforms other than PKC-⑀. Alternatively, it may be due to incomplete inhibition of PKC-⑀ translocation, perhaps due to failure to achieve cord, and a consequent increase in the responsiveness complete diffusion of the inhibitor peptide into the cell of second order neurons to both painful and innocuous from the patch pipette. The observation that 70% of stimuli. Two different isoforms of PKC therefore have the sensitization caused by BK was suppressed by the quite distinct roles, and at different stages, in regulating specific PKC-⑀ translocation inhibitor does, however, the sensitivity of the pain pathway. confirm that PKC-⑀ is the major contributor to BKinduced sensitization. This last observation was made 
Discussion
Short-term sensitization is now known to be mediated by two distinct intracellular pathways in nociceptive
